Polybrominated diphenyl ethers (PBDEs) are widely used flame retardants that have become pervasive environmental contaminants and may contribute to adverse health outcomes. We evaluated in mice the developmental neurotoxicity of 2,2′,4,4′-tetrabromodiphenyl ether (BDE-47), one of the most abundant PBDE congeners detected in animal and human tissues. Female C57BL/6J mice were exposed to daily doses of 0, 0.03, 0.1 or 1 mg/kg beginning 4 weeks prior to conception, continuing through gestation and lactation, and ending at weaning on postnatal day (PND) 21. Levels of BDE-47 in blood, brain, liver and adipose tissues of dams were markedly increased after 4 weeks of exposure, around the time of mating, and continued to increase through the time of parturition. Blood levels of BDE-47 in the dosed dams were within the range reported in humans. BDE-47 tissue levels in the dams decreased between parturition and weaning, possibly reflecting mobilization during lactation. Brain BDE-47 levels in the offspring at PND 1 approached those of the dams at parturition. Perinatal exposure to BDE-47 resulted in significant dose dependent growth retardation, slower motor performance in several behavioral tests, and mice exposed to 1 mg/kg/day BDE-47 showed altered performance in the Morris water maze. There were no differences between groups in the numbers of pyramidal neurons in hippocampus CA1. These results document accumulation of BDE-47 in several organ systems following exposure to low-levels of BDE-47, and provide evidence that such exposure is associated with early behavioral deficits in exposed neonates.
Introduction
Polybrominated diphenyl ethers (PBDEs) are a family of flameretardant chemicals used worldwide in a variety of products, including plastics and textiles, building materials, carpets, vehicles and computers. Due to the inability of PBDEs to covalently bind to polymers in these products, they readily enter the environment where they bioaccumulate in human and animal tissues (Hites, 2004) . Exposure to BDE-47 is now world-wide, and levels of it have been detected in tissue samples from Sweden (Noren and Meironyte, 2000) , India (Kumar et al., 2006) , Australia (Toms et al., 2007) , Pacific Northwest (She et al., 2007) , United States (McDonald, 2005; Schecter et al., 2008 Schecter et al., , 2007 Schecter et al., , 2005a Schecter et al., , 2005b Schecter et al., , 2003 , Taiwan (Chao et al., 2007) , Poland (Jaraczewska et al., 2006; Wang et al., 2006) , Japan (Eslami et al., 2006) and China (Bi et al., 2006 (Bi et al., , 2007 . This situation raises concerns that measurable levels of PBDEs could pose significant health risks to humans. Studies on a similarly structured chemical family, polychlorinated biphenyls (PCBs), have identified a wide range of toxic effects which include genotoxicity, endocrine disruption, and in particular developmental toxicity (Pessah et al., 2009) . Along with structure PBDEs share many physical characteristics with PCBs (Wang et al., 2006) , which were originally banned for their dioxin-like toxicity (Carpenter, 2006) .
Out of the 209 possible PBDE congeners available we focused our study on BDE-47, a tetra-brominated congener. BDE-47 has been detected in human adipose tissue (Fernandez et al., 2007; Petreas et al., 2003) , breast milk Tsydenova et al., 2007) , serum (Fangstrom et al., 2005; Inoue et al., 2006; Petreas et al., 2003) , and in the liver of fetuses and newborns (Schecter et al., 2007) at concentrations higher than those reported for other congeners. This bioaccumulation in humans is of particular concern because PBDEs, including BDE-47, can be transferred to the fetus from the maternal circulatory system or to the infant through breast milk (Darnerud and Risberg, 2006; Schecter et al., 2003) . Although BDE-47 is ubiquitous in the environment (Schecter et al., 2010) , there is a poor understanding regarding its toxicological effects.
Several studies in mice have shown that neonatal exposure to PBDEs can disrupt normal brain development. A single exposure to 8 mg/kg of 2,2′,4,4′,5-penta-BDE (BDE-99) on postnatal day (PND) 10 alters spontaneous motor behavior in adulthood (Eriksson et al., 2001) , and decreases locomotor activity in response to nicotine . Exposure to 12 mg/kg of BDE-99 on PND 10 in mice altered levels of proteins associated with neurodegeneration and neuroplasticity in the striatum, and altered energy metabolism in the hippocampus (Alm et al., 2006) . Neonatal exposures to PBDEs with higher bromination, such as congeners 153, 183, 203, 206, and 209 , at concentrations ranging from 0.4 to 20.1 mg/kg have also been associated with developmental neurotoxicity (Dingemans et al., 2007; Viberg et al., 2007 Viberg et al., , 2003a Viberg et al., , 2002 Viberg et al., , 2006 Viberg et al., , 2008 .
Recent behavioral studies conducted on BDE-47 have reported that neonatal exposure results in hyperactivity and decreased habituation to a novel environment (Eriksson et al., 2001; Gee and Moser, 2008; Suvorov et al., 2009a) . Altered levels of thyroid hormone have also been reported with exposure to BDE-47 (Costa and Giordano, 2007; Darnerud et al., 2007) and hydroxylated metabolites of BDE-47 have been shown to bind to thyroid carrier proteins with a higher affinity than thyroxine (Hamers et al., 2008; Meerts et al., 2000) . These findings paired with the fact that thyroid hormone plays a critical role in early brain development, especially in regards to the cerebellum and hippocampus (Williams, 2008) , provide reasons for concern.
Considered together, these studies indicate that neonatal exposure to PBDEs can affect regions of the brain that are important for learning and memory such as the hippocampus, as well as regions involved in locomotor behaviors such as the striatum and cerebellum. However, the majority of previous toxicological studies on PBDEs have examined acute, high dose exposures, such as 30 mg/kg for 7 days beginning at PND 6 (Dufault et al., 2005) , or 20.1 mg/kg on PND 3 (Viberg et al., 2007) , or chronic high dose exposure such as 16 mg/kg/ day from gestational day (GD) 6 to PND 21 (Branchi et al., 2005) . As a result, little is currently known about the potential risks of chronic low-dose exposure to PBDEs during early development which should better approximate human exposure conditions. In the present study, we examined effects of perinatal exposure to chronic low doses of BDE-47 (0.03, 0.1 or 1.0 mg/kg/day) in C57BL/6J mice. Somatic growth, indices of early development, sensory and motor function, and learning and memory were assessed following perinatal exposure. In addition, tissue levels of BDE-47 were measured in order to establish the relationship between exposure levels and neurotoxic effects.
Materials and methods

Chemical reagents and standards
Chemicals used throughout the animal exposure and analytical processes to determine the bioaccumulation of BDE-47 in tissue samples were A.C.S. Reagent Grade and solvents used for tissue extraction were HPLC grade. Columns used to purify extracted samples were made with polypropylene and packed with silica gel (45 μm particle size, 60 Å pore size; Supelclean, Supelco, Bellefonte, PA). Whatman cellulose extraction thimbles used in the Soxhlet extractor were purchased from Fisher Scientific (Pittsburgh, PA). Solutions of BDE-47 used for dosing mice were made from certified BDE-47 (AccuStandard, Inc., New Haven, CT, Cat. No. BDE-047N, Lot. #100901MT). A concentrated stock solution was made by sonicating 5 mg of pure BDE-47 in 250 μl DMSO until dissolved. Aliquots from this stock solution were then further diluted with Mazola® corn oil (100% pure, cholesterol free) to yield solutions containing 0.03, 0.1 or 1.0 mg/ml and stored in amber Pyrex bottles. Dosing was accomplished by applying BDE-47 to 1-2 cornflakes (Kellogg's®, Battle Creek, MI) and feeding these directly to the mice.
Unlabeled BDE-47 solutions used as standards for gas chromatographymass spectrography (GC-MS) were made by dissolving certified pure BDE-47 (AccuStandard, Inc., New Haven, CT) in hexane to produce concentrations of (in ng/ml) 0.1, 0.3, 1, 3, 10, 30, 100, 300, 600 or 1000. These solutions were used to obtain a BDE-47 standard curve. Isotopically labeled 13 C 12 -2,2′,4,4′-tetrabrominated diphenyl ether (BDE-47L) was obtained as a stock solution of 50 μg/ml 13 C 12 -BDE-47 in nonane from Cambridge Isotope Laboratories (Cambridge, MA). The BDE-47L stock was diluted in hexane to produce a 120 ng/ml internal standard solution. 250 μl of this solution was added to each tissue sample extract, and the amount recovered was used to calculate and correct for percent recovery of BDE-47 during tissue extraction.
Tissue extraction and sample preparation
Tissue samples from BDE-47-exposed mice were finely minced, transferred to 20 ml glass vials and spiked with the labeled BDE-47L as an internal standard. The samples were then homogenized in 5 ml of HPLC-grade water (CHROMASOLV® for HPLC, Sigma-Aldrich, St. Louis, MO) using a polytron (PT 1200, Kinematica AG, Switzerland). Once homogenized, the samples were frozen immediately, lyophilized to a dry powder and stored at −20°C. All glassware was washed and tested to ensure that background levels of BDE-47 were below detection limits by GC-MS. Later extraction of BDE-47 from the powdered tissue was performed overnight (i.e., at least 15 h) in 125 ml hexane/acetone (3:1, v/v) using an automated Soxhlet extractor (Organomation Associates, Inc., Berlin, MA). Extracted samples were then filtered through a solidphase extraction cartridge pre-packed with silica (Supelclean-LC-Si-SPE, Sigma-Aldrich) to remove lipid, and then eluted with 20 ml hexane. The eluted samples were placed into a vacuum concentrator (RC10.22, Jouan, Winchester, VA) to remove solvent. This final extracted residue was re-dissolved in 200 μl hexane and transferred to an amber deactivated-glass vial with PTFE/Silicon septa (Waters Corp., Milford, MA) for GC-MS analysis.
Chemical analysis-gas chromatography and mass spectrometry (GC-MS)
Levels of BDE-47 from tissue extracts were analyzed by GC-MS using an Agilent 6890 gas chromatograph (GC) coupled with an Agilent 5973 mass spectrometer (MS) (Agilent Technologies, Inc., Santa Clara, CA). A 25 m × 0.22 mm × 0.25 μm HT-8 capillary column (SGE Analytical Science, Austin, TX) designed specifically for analysis of PCBs and PBDEs was used to measure BDE-47 levels in tissue extracts. One microliter (1 μl) of the final purified extract was injected into the heated inlet (280°C) of the GC-MS, with the injector operated in splitless mode. Helium at constant flow rate of 0.8 ml/min was used as the carrier gas. The oven temperature program started from 90°C, held for 1.5 min, then increased 30°C/min to 190°C, held 0.5 min; increased 5°C/min to 280°C, held 0.5 min; and then increased 25°C/min to 320°C and held 15 min. Ion source, quadrupole, and interface temperatures were set at 230, 150, and 300°C, respectively. The electron ionization (EI) mode was used to quantify BDE-47 in select ion monitoring (SIM) mode at m/z 486 and 498 for BDE-47 and BDE-47L, with dwell time set at 100 ms. Using the quadrupole mass analyzer (m/z =0-800 mass range), a full scan of pure BDE-47 and BDE-47L were obtained to verify the purity of standards, to determine their retention times, and to acquire mass spectra.
Mass spectral data were analyzed using ChemStation software (Agilent Technologies, Inc., Santa Clara, CA). An internal standard curve of pure BDE-47 and BDE-47L in the range from 1 to 1000 ng/ml was used to quantify the extracted samples. The amount of BDE-47 present in each sample and amount of the internal standard were quantified by integrating the area under the curve. The detected concentrations of BDE-47 were corrected using recovery data from the internal standard. The reliable limit of detection (LOD) of BDE-47 in individual samples was determined by accepting only concentrations that had a signal/ noise (S/N) of ≥5 and limit of quantification (LOQ) was established at S/N= 10. The S/N ratio measured at the lowest BDE-47-spiked standard sample was used to establish the standard curve. This approach was then used to quantify the concentration of BDE-47 within the samples and included any possible contribution from the procedural blank. The LOD for BDE-47 in tissue was 0.1 ng/g tissue weight (i.e., 0.1 ng/ g = 0.1 ppb). Using the full scan mode of the single quadrupole mass analyzer (m/z of 0-800 mass range), the chromatogram and mass spectra parameters of BDE-47 and BDE-47L were acquired. The analysis showed that the retention times for BDE-47 and BDE-47L are 22.24 and 24.25 min, respectively. For quantification specified in the protocol, their corresponding molecular ions were at m/z 486 and m/z 498, respectively.
Animals
Adult male and female C57BL/6J mice used in this study were from Jackson Laboratory (Jackson Laboratory-West, Sacramento, CA). Upon arrival, the general health of these animals was checked and mice were maintained in the small-animal facility at the Center for Laboratory Animal Research (CLAS), University of California, Davis. Mice were fed standard mouse chow (LabDiet, 5001 Rodent Diet, Purina, Farmington, MA) and were maintained on a 14 h light/10 h dark cycle, with the light cycle between 7 AM to 9 PM. Ambient temperature was maintained between 68 ± 2°F and humidity between 40 and 60%.
BDE-47 exposure
Following arrival, female mice were allowed one-week acclimation before the start of exposure to BDE-47. The night prior to the first dosing, 3-4 cornflakes per mouse were left in their home cages to accustom them to the novel food. Female mice were weighed daily, and then fed 1-2 cornflakes that were dosed with BDE-47 (0.03, 0.1, or 1.0 mg/kg/day) or corn oil vehicle (Vehicle). The daily BDE-47 dosage was determined individually for each mouse based on body weight. Mice readily ate BDE-47-dosed cornflakes and consumption was verified by direct observation.
Breeding
After four weeks of exposure, mice were bred to untreated male C57BL/6J mice. Female and male C57BL/6J mice were randomly assigned (randomizer.org) to breeding pairs and all male mice used for breeding were approximately the same age as the females. Daily dosing of the dams continued throughout gestation and subsequent weaning of pups on PND 21. This dosing regimen resulted in 70-80 days of total exposure of the dams to BDE-47, depending on the number of days required for successful mating as determined by the presence of a copulatory plug.
Tissue levels of BDE-47 in dams and pups
At weaning after 70 days of exposure to Vehicle (n = 9), 0.03 (n = 10), 0.1 (n = 9) or 1.0 (n = 7) mg/kg/day BDE-47, female mice were sacrificed along with a group of experimentally naïve female mice (n = 5), and BDE-47 levels were measured in blood, brain, liver and fat. Subsets of offspring from these dams were sacrificed on PND 1 (n = 9), 7 (n = 6), 14 (n = 4) and 21 (n = 4) for analysis of BDE-47 in blood and brain tissues. Tissue levels in dams exposed to 1 mg/kg/day BDE-47 were similarly measured at approximately the time of mating (i.e., after 27 days of exposure; n = 3), and at parturition (i.e., after 54 days of exposure; n = 3) to provide information on accumulation of BDE-47 in blood, brain, liver and fat over the course of exposure.
Offspring for behavioral testing
Offspring used for behavioral testing were from dams exposed to Vehicle (n= 9), 0.03 (n = 9), 0.1 (n= 11) or 1.0 (n= 10) mg/kg/day BDE-47. Offspring were sexed at birth, marked with a non-toxic identifying foot tattoo, coded for treatment group and returned to the litter. Experimenters were blinded to the exposure history of the pups. Each dam and litter was housed together until weaning on PND 21 when the juvenile mice were ear-notched, weighed and measured for body length. They remained with their litter mates until PND 28 when they were re-caged according to sex, treatment condition and with litter mates when possible. The numbers of animals were kept to a minimum by arranging for the distribution of animals across experiments so that animals from each litter could be used for behavioral analysis and histology.
Behavioral test battery
The behavioral tests are described in the order that they were conducted (Table 1) , along with the PND or postnatal week at which they were tested. All tests were conducted during the light phase of the light/dark cycle. One male and one female pup from each litter were randomly selected for behavioral testing using the behavioral tests listed under Track 1. Different pairs of male and female pups were selected from each litter and behaviorally tested using the tests listed under Track 2. This was done to maximize the use of the mice bred for these experiments and to include sex as a variable in the statistical analyses. Therefore, groups for behavioral testing under Tracks 1 and 2 were as follows: Vehicle (n = 9♀ and 9♂), 0.03 (n = 9♀ and 9♂), 0.1 (n = 11♀ and 11♂) or 1.0 (n = 10♀ and 10♂) mg/kg/ day BDE-47.
Sensory and motor development (PNDs 8-18)
Sensory and motor development were assessed every other day using the Wahlsten test battery for all preweanling mice (Golub et al., 2004; Wahlsten, 1974) . Pups were gently removed from the litter and placed in holding cups on a warming pad. They were then randomly selected for scoring of maturational landmarks. These included righting reflex, cliff aversion, needle grasp, visual placing, vibrissa placing, eye opening, ear opening, ear twitch response, screen pull, screen cling/climb, narrow and wide, auditory startle and popcorn behavior (startle response to puff of air directed to the face). Mean composite scores for motor development and sensory development were computed as previously described (Wahlsten, 1974) .
Ultrasonic vocalization (PNDs 9, 11, 13 and 17)
Pups and dams were transported to the testing room and allowed to acclimate at least 30 min prior to testing. Each pup was individually isolated from the mother and placed in a plastic cup that positioned Table 1 Behavioral test schedule (age of testing).
Growth and reflex (PND 8, 12, 14, 16, 18) Ultrasonic vocalization (PND 9, 11, 13, 17) Wean with litter (PND 21) the pup directly under the microphone of the ultrasonic vocalization (USV) recording system (UltraVox, Noldus IT, Tacoma, WA). The sound-attenuated testing chamber door was gently closed and a 2-min recording period began within 15 s after the pup was removed from its mother. After the recording session ended, the pup was placed in a plastic container on a warming pad separated from the rest of the litter until all pups in the litter were tested. The USV detector was set at 40 kHz, the audio filter on top of the ultrasonic vocalization chamber was set at 8.5 and temperature inside the testing chamber was recorded at the end of each session. Vocalizations were analyzed if they were longer than 10 ms in duration, with a minimum of 1 ms between individual vocalizations. Total number of USVs, total USV duration and duration of individual vocalizations were analyzed using the Noldus UltraVox software.
Social dyadic interaction (PNDs 25-26)
Social interactions were characterized using a behavioral ethogram and behavioral scoring procedures developed by this laboratory (Jaubert et al., 2007) . Briefly, an experimental mouse from one of the treatment groups was paired with an unfamiliar same strain, same sex, experimentally näive mouse for 10 min in a 10 × 10 × 10 cm Plexiglas chamber. The dyadic interactions between the two mice were videorecorded for later scoring using Noldus Observe 4.1 software programmed with codes reflecting the behaviors specified by the ethogram. The duration and frequency of social, non-social and aggressive behaviors were measured using the ethogram as previously described (Jaubert et al., 2007) . The animal initiating each behavioral event was also determined. Video recording was preceded by an acclimation period in which each mouse was alone in a similar box for 5 min.
Elevated plus maze (PND 35)
Fear and anxiety were assessed using the elevated plus maze (File, 2001; Lister, 1987) . The maze was made of black Plexiglas, with two open (30 × 5 × 0.25 cm) and two closed (30 × 5 × 6 cm) arms emanating from a central platform (5× 5 cm), and elevated 60 cm above the floor. Each mouse was placed onto the central platform and allowed 5 min of free exploration in the apparatus. Distance traveled, number of entries into each arm and into the central platform, time in open vs. closed arm and latency to first arm entry were recorded and analyzed by a videotracking system (SMART, San Diego Instruments, San Diego, CA). All testing sessions were directly observed by an investigator blinded to treatment condition. Increased time spent on the closed versus open arms of the maze was used as a measure of anxiety and fear.
Rotarod (PNDs 35-36)
A rotarod (Rota-Rod 7600, Ugo Basile Biological Res., Malvern, PA) was used to measure balance and motor coordination as described previously (Golub et al., 2004) . Mice were given two 2-min training sessions 2 h apart on 1 day with the rotarod at 16 revolutions/minute (rpm). On the following day the rotarod was set at 24 rpm and mice were given a single 2-min test. During training, the mouse was replaced on the rod when it fell. During testing, the trial terminated when the mouse fell. The time to first fall, the number of falls, and instances of rotating with the rod ('passive rotation' or 'flipping') were recorded.
Acoustic startle and pre-pulse inhibition (PND 42)
Prepulse inhibition (PPI) of the acoustic startle response was measured to assess sensorimotor gating (Dulawa and Geyer, 2000; Graham, 1975) . Mice were placed individually into the acoustic startle apparatus (SR-LAB, SD Instruments, San Diego, CA) and allowed to acclimate to background white noise for 5 min. This was followed by a 20-min PPI session consisting of 50 test trials, 10 each for five different trial types presented in a pseudorandom order with variable inter-trial intervals of 5-20 ms. Trial types included: 120 dB acoustic stimulus alone, 120 dB stimulus with a 74, 82, or 90 dB pre-pulse acoustic stimulus or a measure of baseline activity (i.e., no acoustic stimulus). All pre-pulses were 20 ms long and were presented 100 ms before the 120 dB stimulus. Broadband pink noise was used for the acoustic stimulus.
Locomotor activity (PND 42)
Locomotor activity was tested on PND 42 using a TruScan Photo Beam open field activity arena for mice (Coulbourn Instruments, Allentown, PA) as described previously (Berman et al., 2008) . The apparatus (27.5 × 27.5 × 37.5 cm) detects movements in the three geometric planes by recording infrared beam breaks. One male and one female from each litter were individually tested by placing the mouse in the center of the apparatus and activity measurements (e.g., horizontal and vertical movements and distance) were collected for 60 min and analyzed by the TruScan software.
Fear conditioning (Week 8)
Contextual fear conditioning procedures were modified from previously published protocols (Goddyn et al., 2008; Paradee et al., 1999) . The experiment was carried out over 3 consecutive days during Postnatal Week 8. On day 1, mice were placed in a testing chamber constructed of steel and Plexiglas with a metal grid floor, and allowed to acclimate for 5 min. On day 2, animals were placed in the testing chamber and allowed to freely explore the chamber for 2 min to establish baseline activity levels. They were then presented with a 30 s acoustic conditioned stimulus (CS; 440 Hz tone). Two seconds before termination of the CS, a 2 s, 0.3 mA foot-shock, the unconditioned stimulus (US), was given. After 30 s, the mice were given a second CS-US pairing, and activity was measured for another 30 s. On day 3, animals were placed in the chamber in the absence of the acoustic CS and freezing was scored for 5 min (i.e., "context trial"). "Freezing" was defined as an absence of limb or head movements (vibrissa and tail movements could still occur). Mice were removed from the chamber and chamber context was changed by covering the grid floor with a hard plastic plate, putting in a curved white wall that spanned 3 walls of the chamber, and covering the floor with CareFresh® bedding (Absorption Corp., Ferndale, WA). Ninety minutes later, mice were placed in the chamber with the new context and freezing was measured for 3 min in the absence of the tone (pre-CS freezing), followed by measurement of freezing for 3 min in the presence of the tone (freezing to the CS). Freezing was sampled every 10 s. Thus, 12 freezing measurements were taken during the 2 min baseline period, 12 during foot shock trials, 30 during context trials, and 18 during pre-CS and CS trials. Only the first 18 observations during the context trials were used for analysis. The number of instances of freezing relative to the total number of observations under each condition was used to calculate a percent freezing score.
Locomotor activity (PND 60)
Locomotor activity was evaluated on PND 60 in a different apparatus (Integra, Accuscan, Columbus, OH) and in different pairs of male and female mice (i.e., Track 1) from those used to test locomotor activity on PND 42 (i.e., Track 2). Mice were individually placed in the center of the automated activity apparatus (40 × 40 × 15 cm) and vertical and horizontal activity were analyzed for 60 min as previously described (Golub et al., 2004) .
Spatial memory and learning in the water maze (Postnatal Week 8)
Spatial memory and learning was tested in a Morris water maze (Jaubert et al., 2007) . The maze was 90 cm in diameter with a hidden 6 cm square platform submerged 1 cm below the surface of the water. Water temperature was maintained at 21°C. Maze performance was monitored using an automated tracking system (Polytrack, San Diego Instruments, CA). Before training began, a single visible platform trial was performed in which animals were able to see the platform, raised 2 cm above the water surface, and were allowed to swim to the platform and escape from the water. This was then followed by four 90 s test trials with the platform submerged. Training was repeated over four consecutive days, and the average of the four trials on each day was used for statistical analysis. Briefly, mice were placed in the maze at one of three positions contained within the quadrants not containing the platform, and were allowed to locate and mount the escape platform. Latency to mount the platform, swim distance, swim speed, and time spent floating were measured. Animals who failed to reach the platform during the 90 s training session received the maximum 90 s for latency. Inter-trial intervals were 5 min long during which the mouse waited in a warming cage. On the fifth day, a "probe trial" was given in which the platform was removed. Mice were released at the center of the quadrant opposite the quadrant where the platform was, and the animals were allowed to swim freely for 90 s. Time spent swimming in the former escape platform quadrant was used to assess memory for spatial location of the platform.
Histological procedures
At the end of behavioral testing at 10 weeks of age, all mice were sacrificed (100 mg/kg i.p. Euthasol®, Virbac AH, Inc., Fort Worth, TX). Mice used for histological evaluation (n= 8 per treatment group) were perfused with 20 ml of 0.1 M phosphate buffer (pH 7.4), followed by 30 ml 4% paraformaldehyde in 0.1 M sodium phosphate buffer. Brains were removed, post-fixed for 1 h in 4% paraformaldehyde, cryoprotected in 10% sucrose solution for 1 h and in 30% sucrose solution for 24 h, frozen, and sectioned at 50 μm on a sliding microtome (model 860, American Optical, Buffalo, NY). All slices were preserved in 0.1% sodium azide in 0.1 M phosphate buffer, and sections were mounted, air dried and Nissl stained. These sections were used for unbiased stereological analysis of numbers of neurons within the CA1 subregion of the hippocampus (StereoInvestigator, Microbrightfield, Williston, VT).
Statistical analysis
Data in figures represent mean± standard error of the mean (SEM). Statistical analyses were carried out using version 18 of SPSS (SPSS, Chicago, IL) and version 9.2 of the SAS programming language (SAS Institute, Cary, NC). Litter means were used for analyses of neonatal body weight, sensory and locomotor development (Wahlsten test battery), and ultrasonic vocalization tests. For all other statistical analyses, data from no more than one male and one female mouse from each litter were used for statistical analyses, with treatment and sex (and treatment× sex when appropriate) used as fixed effects variables and litter as a random effects variable. A mixed effects repeated measures ANOVA was used when appropriate. Repeated measurements over time for each pup were considered by using the autoregressive-1 (AR(1)) covariance structure. The Kenward-Rogers method of calculating degrees of freedom was used. The numbers of pyramidal neurons in the CA1 subregion of the hippocampus were analyzed by a univariate ANOVA. Individual post hoc group comparisons were made using the Tukey-Kramer test for multiple comparisons. Data were examined for homogeneity of variance, and when assumptions of homogeneity of variance were not met, data were analyzed using the Kruskal-Wallace nonparametric analysis, followed by individual post hoc group comparisons using the Mann-Whitney U adjusted for multiple comparisons. The minimum level set for statistical significance was p b 0.05. Frequencies of behavioral events in the social dyad and fear conditioning were analyzed by Chi-square tests. Table 2 shows the levels of BDE-47 in blood, brain, liver and fat in dams after 27, 54 and 70 days of exposure to 1 mg/kg/day, compared to naïve and Vehicle groups. The three time-points selected for examination correspond approximately to the time of mating (i.e., 27 days exposure), birth of pups (i.e., 54 days exposure) and pup weaning (i.e., 70 days of exposure). As shown in Table 2 , naïve and Vehicle exposed mice had low mean baseline levels of BDE-47 in blood, brain, liver and fat (i.e., less than 5 ng/g tissue). However, relatively high levels were found in all tissues from dosed dams at 27 days of exposure (time of mating). Further increases in BDE-47 levels in blood, liver and fat between 27 and 54 days of dosing were relatively modest, while brain levels roughly doubled (i.e., 162 versus 306 ng/g). After 70 days of exposure, corresponding to the end of lactation at the time of pup weaning, BDE-47 tissue levels had decreased, although they remained above levels found in naïve and Vehicle treated dams. The decrease occurred even though dams continued to be dosed with BDE-47 throughout the preweaning period. This finding may be related to mobilization of BDE-47 into milk stores during lactation, as considered in the Discussion. Similar data were not collected in this study for the two lower doses (i.e., 0.03 and 0.1 mg/kg/day). Table 3 shows BDE-47 levels in blood, brain, liver and fat in dams after 70 days exposure to 0.03, 0.1 or 1.0 mg/kg/day BDE-47 or Vehicle. Levels of BDE-47 in brain (p b 0.01), liver (p b 0.001), and fat (p b 0.001) from dams dosed with 1.0 mg/kg/day BDE-47 were significantly elevated compared to the Vehicle group, with the highest levels in fat stores. Tissue levels in fat and liver with the two lower doses (e.g., 0.03 and 0.1 mg/kg/day) were also significantly elevated compared to that of Vehicle controls (p b 0.01). However, the two lower doses did not differ from Vehicle in blood or brain tissue at this time point. Since levels of BDE-47 dropped in all tissues from the dams over the period of lactation (Table 2) , it is likely that tissue levels for the two lower doses (i.e., 0.03 and 0.1 mg/kg/day) were substantially higher before the start of lactation, but data for those doses before the start of lactation were not collected in this study. Table 4 shows elevated brain levels of BDE-47 on PNDs 1, 7, 14 and 21 in offspring of dams exposed to 1 mg/kg/day BDE-47. High levels of BDE-47 were also found in blood on PNDs 7, 14 and 21. Blood levels of BDE-47 were not measured on PND 1 due to the small volume of blood obtainable from these pups. Pup brain levels of BDE-47 were between 150 and 350 ng/g throughout the preweaning period. Although BDE-47 blood levels appeared to decrease over the period of lactation, the apparent differences across ages did not reach statistical significance. Note that the range of brain levels of BDE-47 in these offspring during the preweaning period was similar to brain levels in dams exposed to 1 mg/kg/day at the time pups were born (i.e., Table 2 ; 54 days exposure). Similar data for offspring of dams exposed to the two lower levels of BDE-47 (i.e., 0.03 and 0.1 mg/kg/day) were not collected in this study. Tissue levels of BDE-47 were below the level of detection for pups from the Vehicle-treated dams. Table 2 BDE-47 tissue levels (ng/g tissue; ppb) of dams orally exposed to a dose of 1 mg/kg/day for 27, 54, or 70 days, corresponding to the times of breeding, parturition and weaning, respectively. 
Results
Tissue levels of BDE-47
Maternal and offspring development
As shown in Table 5 , exposure to BDE-47 did not significantly affect maternal weight gain, duration of gestation or litter size. There were also no effects of BDE-47 exposure on pup sex ratio (χ 2 = 0.45, df = 3, p = 0.93). At weaning on PND 21, a litter-based analysis of crownrump length showed a difference among groups which approached statistical significance (F 3,32 = 2.84, p = 0.053), with post hoc analyses showing that pups in the 0.1 mg/kg/day group had significantly reduced body length compared to pups in the Vehicle group (p b 0.05). The ponderal index (weight/crown-rump length) was not significantly different among treatment groups (F 3,32 = 1.68, p = 0.19).
As shown in Fig. 1 , there was a statistically significant treatment × -day interaction for body weight gain from PNDs 8-18 (F 15,155 = 2.99, p b 0.001) and a significant increase in body weight over days across groups (F 5,155 = 312.1, p b 0.0001). Post hoc analyses on individual days showed that body weight for the 0.1 mg/kg/day group was significantly lower than that of the Vehicle group on PNDs 14, 16 and 18 (p b 0.05) and lower than the 0.03 mg/kg/day group on PNDs 14 and 16 (p b 0.05). No other group comparisons reached statistical significance on any PND.
Behavioral tests 3.3.1. Sensory and motor development
Composite sensory and motor developmental scores from the Wahlsten test battery between PNDs 8 and 18 are shown in Fig. 2 . Statistical analyses did not reveal significant differences among treatment groups for motor development (F 3,32 = 1.09, p = 0.37) or sensory development (F 3,32 = 0.54, p = 0.66).
Ultrasonic vocalization
For total duration of USV, there was a significant difference across postnatal days (F 3,105 = 5.31, p b 0.01) and a significant treatment × -day interaction (F 9,105 = 2.26, p b 0.05). As shown in Fig. 3A , mice in the 1.0 mg/kg/day dose group had a longer total duration of USV on PND 13 than mice in all other groups (p b 0.05). There was also a significant difference in the average duration of individual bouts of USV across PNDs (F 3,105 = 57.4, p b 0.001) and a significant treatment × day interaction (F 3,105 = 3.11, p b 0.01). Post hoc analysis showed that on PNDs 9 and 13 (Fig. 3B) , the mean duration of USV bouts was significantly longer for mice in the 1.0 mg/kg/day group compared to the Vehicle control group (p b 0.05) and longer than the 0.03 and 0.1 mg/kg/day mice on PND 13 (p b 0.01). There were also significant differences across PNDs in the number of USVs across all groups (F 9,105 = 11.1, p b 0.001), but the apparent difference between treatment groups in the number of USVs was not statistically significant for any PND (Fig. 3C ).
Social dyadic interaction
There were no significant differences among treatment groups in percent time in social interactions (F 3,35 = 0.20, p = 0.90) or in the non-social state (F 3,35 = 0.20, p = 0.90), and aggressive behaviors in this test in young mice occurred at too low a frequency to analyze statistically as previously reported (Jaubert et al., 2007) . There were no statistically significant differences among treatment groups across the individual social, non-social or aggressive behaviors examined in this test of social dyadic interaction.
Elevated plus maze
There were no significant group differences for any behaviors examined in the elevated plus maze, including percent time in open arm (F 3,26 = 0.52, p = 0.67) or number of entries into the open arm (p = 0.09, Kruskal-Wallis test) (data not shown).
Rotarod performance
There were no significant differences between treatment groups in the number of falls (F 3,52 = 0.35, p = 0.80) or time to fall (F 3,52 = 0.38, p = 0.77) during the training and test sessions (data not shown). Table 2 from the 1 mg/kg/day group. Table 4 BDE-47 brain and blood levels (ng/g tissue; ppb) on postnatal day (PND) 1, 7, 14, and 21 from pups of dams exposed to 1 mg/kg/day BDE-47.
Group
Brain ( 6.5 ± 0.9 6.9 ± 0.3 6.4 ± 0.3 6.6 ± 0.3 Females per litter 3.5 ± 0.5 2.5 ± 0. 3.3.6. Acoustic startle and pre-pulse inhibition There were no significant differences among treatment groups in maximum acoustic startle amplitude (F 3,58 = 0.19, p = 0.90), or prepulse inhibition (F 3,51 = 1.03, p = 0.34) across the three pre-pulse amplitudes (i.e., 74, 82 and 90 dB) (data not shown).
Fear conditioning
There were no significant differences among treatment groups in freezing to the chamber context (pre-CS freezing; F 3,57 = 0.32, p=0.81) or to the CS tone (freezing to the CS; F 3,57 = 1.45, p = 0.24) following fear conditioning.
Locomotor activity
There were no statistically significant differences between groups in any measure of locomotor activity when tested at 42 days of age in the Coulbourn TruScan activity apparatus. However, as shown in Fig. 4 , animals tested at 60 days of age in the Integra activity apparatus showed a significant treatment × sex interaction for total distance traveled (F 3,26 = 4.69, p b 0.01). Individual group comparisons showed that female mice in the 0.1 and 1.0 mg/kg/day treatment groups traveled a significantly shorter distance than Vehicle controls (p b 0.05) or mice in the 0.03 mg/kg/day group (p b 0.01). There was also a treatment × sex interaction for distance traveled in the center of the locomotor apparatus (F 3,26 = 4.55, p b 0.05), with females in all three BDE-47 treatment groups showing less center activity than Vehicle controls (p b 0.05) (data not shown). These treatment group differences were not found for male mice.
Spatial memory and learning in the water maze
During the visible trial test in the water maze, there was a significant treatment x sex interaction (F 3,21 = 3.68, p b 0.05). As shown in Fig. 5 , female mice in the 1.0 mg/kg/day group had a slower mean swim speed than Vehicle control female mice (p b 0.05), and male mice in the 1.0 mg/kg/day group had a slower mean swim speed than male mice in the 0.03 mg/kg/day group (p b 0.05). Performance in the water maze during training to locate the hidden escape platform is shown in Fig. 6A and B. Statistical analysis showed a significant group difference in distance swum (F 3,33 = 3.15, p b 0.05). Individual group comparisons showed that the 1.0 mg/kg/day treatment group swam a shorter distance to the platform than the Vehicle control group across all training days (p b 0.05; Fig. 6A ). There was also a significant treatment effect for swim speed (F 3,32 = 3.06, p b 0.05; Fig. 6B ). Group comparisons showed that the 1.0 mg/kg/day group swam significantly slower than the 0.03 mg/kg/day group (p b 0.01) and the Vehicle control group (p b 0.05). Latency to reach the platform did not differ significantly across treatment groups (F 3,35 = 1.27, p = 0.30). There were no significant sex differences or sex by treatment interactions.
During the probe trial with the escape platform removed, there were no significant differences among treatment groups in the time spent in the platform quadrant, latency to enter the platform quadrant or mean swim speed.
Hippocampal cytoarchitecture
No gross morphological abnormalities in the hippocampus were found from examination of cresyl violet-stained brain sections, and the treatment groups did not differ significantly in the number of pyramidal neurons in the CA1 subregion of the hippocampus (F 3,28 = 2.21, p = 0.11). The mean (±SEM) numbers of pyramidal neurons in the CA1 subregion of the hippocampus based on unbiased stereological procedures for the treatment groups were as follows: Vehicle (68,280 ± 4058), 0.03 mg/kg/day (67,733 ± 4877), 0.1 mg/kg/ day (79,566 ± 3845) and 1.0 mg/kg/day BDE-47 (76,648 ± 3017).
Discussion
Chronic, perinatal, low-dose exposure to BDE-47 in C57BL/6J dams resulted in substantial accumulation in all tissues measured. At the time of birth (PND 1) which was equivalent to dam exposure day 54, levels of BDE-47 in the brains of offspring from dams dosed with 1 mg/kg/day BDE-47 averaged 366 ng/g tissue weight (Table 4) . This is approximately 20% higher than the 306 ng/g tissue weight found in the brains of their BDE-47 exposed dams ( Table 2 ). The finding of higher brain levels in newborn pups compared to their dams is consistent with earlier reports by Staskal et al. that 10 day-old pups develop higher tissue levels than adults when exposed to the same amounts of BDE-47 (Staskal et al., 2006a ). Because differences in brain levels between pups and dams were found on PND 1, before the start of lactational exposure, such levels could also have been present in utero suggesting an in utero risk posed by PBDEs to the developing fetus. Delayed body weight gain was seen in pups exposed to 0.1 mg/ kg/day BDE-47 suggesting an effect on somatic growth, possibly due to the effects of this class of compounds on endocrine function (Zoeller, 2010; Zoeller et al., 2002) . Pups exposed to the highest 1.0 mg/kg/day dose showed increased durations of USV when separated from their dams and littermates on PND 13 indicating increased distress. Pups exposed prenatally to BDE-47 also showed slower swim speeds in the water maze, and female offspring showed less total activity (i.e., distance traveled) in the open field. Interestingly, slower swim speeds were accompanied by shorter swim distances to locate the hidden escape platform in the water maze, and could reflect better spatial learning. However, other mechanisms could also explain the results, including improved attention to spatial cues, motivational effects, or possibly better visual perception. Finally, unbiased stereological analysis of numbers of neurons in the CA1 of the hippocampus did not reveal any loss of neurons or abnormal morphology in exposed pups. Taken together, these results indicate that chronic perinatal exposure to BDE-47 can have lasting effects on development, including somatic growth, motor function and performance in the spatial water maze. Each of these findings is discussed below.
Blood and tissue levels of BDE-47
As previously reported, lipophilic tissues such as brain, adipose tissue and liver, readily accumulate BDE-47 following chronic, lowdose oral exposure (Staskal et al., 2006a) . This was true for both exposed dams and their offspring. Similar tissue levels for the 1.0 mg/ kg/day dose was found after 27 and 54 days of exposure, suggesting that relatively stable tissue levels were achieved before mating using the present oral daily dosing regimen.
Chronic exposure (i.e., 54 days) of dams to a dose of 1 mg/kg/day resulted in levels of BDE-47 in blood (56.9 ng/g), brain (306 ng/g), liver (1560 ng/g) and adipose tissue (20,900 ng/g) that were in approximately the same ranges reported by Staskal et al. measured 5 days after a single 10 mg/kg (p.o.) dose of BDE-47 in mice for blood (178.7 ng/g), brain (109 ng/g), liver (1688 ng/g) and adipose tissue (17,712 ng/g) (Staskal et al., 2006b) . In that same study, ten daily oral doses of 1.0 mg/kg/day also resulted in an accumulation of BDE-47 in all tissues examined 5 days after the end of dosing, albeit at lower levels than with a single 10 mg/kg bolus injection. As in the present study, Staskal et al. found high levels of BDE-47 in adipose tissue and brain (Staskal et al., 2006b) .
Reported levels of BDE-47 in human blood samples range from 0.25 ng/g (lw) to 46 ng/g (lw) in North America, levels that are approximately one order of magnitude higher than levels observed in Europe (0.24-2.4 ng/g lw) (Frederiksen et al., 2009) . The levels of BDE-47 in blood samples from mouse dams dosed with 1 mg/kg/day were 36.8 and 56.9 ng/g after 27 and 54 days of exposure, respectively. These blood levels in dosed mice are in the upper range of levels reported in human blood. This means that blood levels for the two lower doses used in mice (i.e., 0.03 and 0.1 mg/kg/day) are also within the range of reported human blood levels. Levels of BDE-47 in mouse adipose tissue from this study (i.e.,~20,000 ng/g) were many orders of magnitude higher than the 0.52 to 29.3 ng/g PBDE levels reported in human adipose tissue (Frederiksen et al., 2009 ). However, relatively few studies have reported levels of BDE-47 in human adipose tissue, and most of these reports have been from countries with some of the lowest reported PBDE exposure levels. Therefore, they may not accurately reflect BDE-47 adipose levels in the US population. In addition, these data indicate that blood levels may not accurately reflect the levels of PBDEs in other tissues, and that current exposure paradigms used in many rodent studies are likely to be producing much higher tissue levels than those occurring in humans. The present results do highlight the high degree to which BDE-47 can accumulate in tissues during chronic exposure.
Dams dosed with 1.0 mg/kg/day BDE-47 in the present study showed a marked decrease in tissue levels between the beginning and end of the lactation period (i.e., 54 and 70 days exposure, respectively). One explanation is that over the course of lactation, BDE-47 may have been mobilized from fat stores into milk. Although BDE-47 in milk of exposed dams was not measured in this study, previous research has shown BDE-47 to be one of the major congeners found in human breast milk, and that breast milk is likely to be a major source of exposure to infants (Lignell et al., 2009; Zhu et al., 2009) . Studies by Darnerud et al. and Oskarsson et al. demonstrated that PBDEs are present in the breast milk of lactating mouse dams after exposure (Darnerud and Risberg, 2006; Oskarsson and Moller, 2004 ). This possibility is also supported by the report that 20% and 24% of a single i.v. administration of BDE-85 and BDE-99, respectively, were transferred to the litter through lactation (Darnerud and Risberg, 2006) . Oskarsson et al. examined the partitioning of BDE-99 between serum and milk of lactating mouse dams following an i.v. administration of 310 μg/kg on either lactational day (LD) 3 or LD 10. They found that the milk:plasma ratio after administration of a single i.v. dose was 40, and that the majority of the administered dose was excreted via breast milk over 7 days. The maximum concentration was found 4 h after administration on LD 3, and at 10 h following administration on LD 10 ( Oskarsson and Moller, 2004) . Additionally, they documented that the concentration of BDE-99 in the pups was higher than that in the dams. These findings demonstrate that PBDEs are readily transferred into milk from the dam and support our hypothesis that the drop in concentration of BDE-47 in the dams over lactation was a result of its transfer to milk during lactation. We are currently measuring BDE-47 transfer to milk in lactating mouse dams to better understand the phenomenon.
The blood level of BDE-47 in 7-day old pups born to dams exposed to 1 mg/kg/day of BDE-47 was 516 ng/g, and this was approximately 10-fold higher that blood levels in the dams at the start of lactation (i.e., 56.9 ng/g after 54 days of exposure). This again demonstrates that neonates can accumulate very high levels of BDE-47 through transfer from exposed dams, although at 7 days of age exposure was through a combination of in utero and lactational exposure due to the relatively long terminal half-life of BDE-47 (Staskal et al., 2005) . At birth, brain levels of BDE-47 in pups from dams exposed to 1 mg/kg/ day were very similar to brain levels in the dams. This shows that even before the start of lactational exposure, pup brains were exposed to approximately the same levels of BDE-47 as the dams, and highlights the risk of the developing fetal brain to these environmental agents.
Developmental and behavioral effects of perinatal BDE-47 exposure
Pups exposed to 0.1 mg/kg/day BDE-47 had significantly lower body weights than Vehicle controls between PNDs 14-18, and pups exposed to 0.03 mg/kg/day on PNDs 14-16. This dose response function was unexpected, but other dose-response profiles that do not follow an expected dose-response pattern have been reported for other PBDEs. For example, a low and a high dose of BDE-209 were reported to decrease serum triiodothyronine (T3) levels, while an intermediate dose was without apparent effect (Tseng et al., 2008) . Additional studies on endocrine disrupting chemicals have also reported U-shaped and/or inverted U-shaped dose-response effects (Ahn et al., 2005; Almstrup et al., 2002) . The underlying cellular mechanisms for this phenomenon were not examined in this study and will be the focus of future studies.
Chronic low-dose exposure to BDE-47 in the present study did not affect early developmental milestones for sensory and motor development measured using the Wahlsten test battery (Wahlsten, 1974) . This is consistent with the general findings of previous studies that also failed to detect effects of BDE-47 exposure on similar developmental milestones (Suvorov et al., 2009b) , although developmental delays have been reported following neonatal exposure to the more highly brominated decabromodiphenyl ether (Rice et al., 2007) . Offspring exposed perinatally to the 1.0 mg/kg/day dose of BDE-47 did show an increase in duration of USV when separated from their dams and litters on PND 13. Increased USV in mouse pups may reflect primitive separation anxiety that may predict later adult emotionality (Fish et al., 2000; Nastiti et al., 1991; Scattoni et al., 2009; Winslow et al., 2000) , and suggests that perinatal exposure to BDE-47 may affect aspects of emotional development. These effects may also reflect altered responsiveness of the exposed dams to the pup's vocalizations (D'Amato et al., 2005) . It should be noted that USVs have been argued to simply reflect a thermoregulation process in isolated pups (Blumberg and Sokoloff, 2001 ). In addition, no significant effects of perinatal BDE-47 exposure were found in adult mice in the social dyadic interaction test.
Although early measures of motor development were not altered by exposure to BDE-47, evidence for hypoactivity was seen in pups exposed perinatally to BDE-47 when tested as adults. This was observed in the open field for the female pups exposed to 0.1 or 1.0 mg/kg/day, and in swim speed in the water maze for male and female pups exposed to 1.0 mg/kg/day BDE-47 when compared to Vehicle controls and the low 0.03 mg/kg/day dose group. This effect is similar to results in an earlier study by Eriksson et al. where mice exposed to BDE-47 on PND 10 showed less activity and less rearing than controls during the first 20 min in an open field, although they showed more activity than controls during the last 20 min (Eriksson et al., 2001 ). These authors concluded that BDE-47 exposure reduced habituation in the open field, but an initial hypoactivity was also clear in their study. A more recent study by Gee and Moser reported increased rearing in an open field in mice exposed to 1 mg/kg, but not to 10 or 30 mg/kg BDE-47 on PND 10 when tested at 32 days of age (Gee and Moser, 2008) . Mice in all three exposure groups showed increased rearing at 4 months of age, with no differences across dose levels (Gee and Moser, 2008) . Suvorov et al. injected dams (i.v.) with 0.002, 0.02 or 0.2 mg/kg BDE-47 every fifth day from GD 15 to PND 20 and tested pups for activity in the open field on PNDs 15, 20 and 25 (Suvorov et al., 2009b) . The lowest exposure group in their study showed significantly increased activity compared to controls, with the highest number of significantly different locomotor parameters seen on PND 20. There was no effect of exposure on rotarod performance which is consistent with the present results. Although the results from the studies described above for locomotor effects of BDE-47 exposure are not consistent, they do indicate that motor function may be a sensitive domain of PBDE developmental toxicity.
The hypoactivity seen in our data is also interesting in view of an epidemiological report that levels of PBDEs, including BDE-47, in human umbilical cord serum at the time of birth were significantly correlated with psychomotor deficits during early development (Herbstman et al., 2010) . Similarly, a recent study by Roze et al. (2009) reported that PBDEs and other organohalogens measured in cord serum during the 35th week of gestation were correlated to later neurodevelopmental outcomes. In general, PBDEs were significantly correlated with poor fine manipulative abilities and attention, and better coordination, visual perception and behavior (Roze et al., 2009) . These results in humans may be related to the present findings that exposure to BDE-47 appeared to result in mild motor deficits, and shorter swim distances during learning in the water maze. While hippocampal function has been associated with performance in the water maze, unbiased stereological counts of pyramidal neurons in the CA1 subregion of the hippocampus did not reveal any effects of BDE-47 exposure, or any gross cytoarchitectural changes in the hippocampus or other brain regions examined. However, changes may have occurred in other brain structures that were not examined in the present study or at a finer level of structural analysis (e.g., dendrites and synapses).
While both differences and similarities between the present results and previously published studies in mice are apparent, it is difficult to compare studies because the dosing levels, routes and patterns of drug administration, age of treatment, and behavioral endpoints differ so widely. However, taken together, previous studies and the present results are consistent in finding evidence for developmental neurotoxicity from BDE-47 exposure in mice. It is interesting that for many of the behavioral categories examined in this study, and at the doses used, there was little evidence that performance was altered by perinatal exposure for BDE-47. This included tests of social interaction, anxiety, acoustic startle and prepulse inhibition, and contextual fear conditioning. Rather, the behavioral domains most affect by neonatal exposure were motor and learning, consistent with the majority of previous reports on BDE exposure, and exposure to BDE-47 in particular.
Mechanisms of PBDE toxicity
The mechanisms underlying the neurodevelopmental effects of PBDEs, including BDE-47, are not well understood. One possible mechanism is related to the signaling of thyroid hormones (TH) (Zoeller, 2010; Zoeller et al., 2002) . PBDEs and their metabolites have a higher binding affinity for TH carrier proteins than the natural ligand and may act as agonists to TH effector proteins leading to altered downstream signaling effects (Meerts et al., 2000; Richardson et al., 2008) . Recent studies by Kodavanti et al. and Szabo et al. showed that perinatal exposure to DE-71, a mixture of PBDEs, caused a significant decrease in levels of circulating thyroid hormone, as well as disrupted TH homeostasis by altering deiodination, active transport, glucuronidation and sulfonation in rats (Kodavanti et al., 2010; Szabo et al., 2009) . Behavioral studies in animals deficient in TH during early development show impaired learning and changes in activity levels (Negishi et al., 2005) . These findings parallel to a degree the findings from the current study with perinatal PBDE exposure, and measurement of TH function would strengthen future studies. Additionally abnormalities in the development of both the hippocampus and cerebellum have been found with hypothyroidism (Anderson, 2008; Kilby, 2003; Williams, 2008) . PBDEs may also have more direct actions on the developing nervous system. Eriksson et al. have reported changes in cholinergeric receptors in the hippocampus Viberg et al., 2003a) , as well as altered levels of CaMKII, GAP-43, and BDNF following early postnatal exposure to PBDEs (Viberg et al., 2003b (Viberg et al., , 2008 . BDE-47 exposure alone has been shown to reduce long-term potentiation (LTP) in the hippocampus of postnatally exposed mice, possibly by altering phosphorylation of CaMKII and the expression of glutamate receptor subunits (Dingemans et al., 2007) . Additionally, in vitro studies have shown that PBDEs are capable of causing protein kinase C (PKC) translocation, stimulate arachidonic acid release, alter calcium signaling and uptake, increase production of reactive oxygen species (ROS) and induce apoptosis in cultured neuronal cells (Coburn et al., 2008; Dingemans et al., 2010; He et al., 2008; Kim et al., 2010; Kodavanti and Derr-Yellin, 2002; .
Summary
Perinatal exposure to BDE-47 delayed growth and altered ultrasonic vocalization in neonatal offspring of exposed dams. Exposure to BDE-47 also altered locomotor activity in the open field and escape learning in the Morris water maze when mice were tested as adults. Substantial accumulation of BDE-47 was found in brain, liver and adipose tissue in both dams and their offspring. The results provide additional evidence for developmental neurotoxicity of BDE-47, and indicate the need to further evaluate the risk to human health and development posed by environmental contamination with PBDEs.
